Abstract -This work investigated copper effect on the root morphology and root proteome of Cannabis sativa plants grown in the absence or in the presence of 150 ppm CuSO 4 . Copper is an essential trace element in plants, but it becomes strongly phytotoxic at high concentrations. Root systems, though genetically determined, are very plastic and can be affected by a number of environmental factors, including metals. The resulting differences in root morphology and protein expression were indicative of a good C. sativa tolerance to copper. A group of proteins involved into plant adaptation to metal chronic stress has been detected.
INTRODUCTION
Cannabis sativa is a multiple-use plant, widely employed in many types of non-food industries and providing raw material for the production of natural fiber, insulating board, rope, oil, varnish and paper. It is also a good candidate for soil phytoremediation as it is a tall plant with about 1-m deep roots that grow fast and easily in dense stands (Citterio et al. 2003 ). Hemp's ability to tolerate and accumulate heavy metals, such as lead, nickel, cadmium, zinc and chromium, is well documented (Linger et al. 2002; Kos and Les tan 2003; Kos et al. 2003; Citterio et al. 2003; Kos and Les tan 2004) with or without the use of chelates.
Root system morphology is involved in improving metal absorption, as a very branched root system is more efficient in exploiting soil than an elongated one, with a low number of laterals (Fitter et al. 1991) . Root systems, though genetically determined (Berta et al. 1995) , are very plastic and can be affected by a number of environmental factors, including metals (Berta et al. 1993; Chiatante et al. 2006) . Furthermore, it has been shown that C. sativa is a tolerant organism that has evolved mechanisms allowing it to cope with high metal (Cd and Ni) concentration in soil (Citterio et al. 2005) ; it has been also shown that C. sativa tolerates, and in part accumulates, copper in the whole plant (Angelova et al. 2004) .
Proteomic analysis is a new tool used to identify and characterize the entire set of proteins encoded by an organism. Several thousand individual proteins can be resolved by two-dimensional electrophoresis (2-DE) and identified by mass spectrometry; therefore, comparing 2-DE maps obtained under different biological conditions, it is possible to detect up-and down-regulated proteins (Cavaletto et al. 2004) .
The aim of our work were to investigate in hemp i) its capability to accumulate copper; ii) the effects of this metal on root system morphology iii) the molecular effects of copper on the root proteome. In particular, we focused our attention on the differentially expressed proteins to better understand which proteins were simultaneously involved in the plant's defence system against copper.
MATERIALS AND METHODS

Plant material and growth conditions -Seeds of
Cannabis sativa var. Felina 34 were washed with deionized water and germinated in controlled conditions (24°C, 16h day/8h night, 87.5 µE·m ). Homogeneous seedlings were transplanted into individual pots containing 2 kg of a loam (Agral, Agrimont, Bolzano, Italy), quartz sand and gravel mix (9:5:1). Five pots were added with a 150 ppm solution of CuSO 4 ·5 H 2 O and five were added with sterile water. Plants were grown in the controlled environment described above, and harvested 6 weeks after transplanting. All plants received weekly 400 ml of Long Ashton nutrient solution (Trotta et al. 1996) .
Measurement of leaf and root parameters -Photosystem II (PSII) activity was measured at 5 and 6 weeks of growth using a Handy-PEA (Hansatech Instruments, UK). The Fv/Fm (where Fv = Fm − Fo) ratio was used as a parameter to evaluate leaf stress induced by copper treatment, considering Fv/Fm values of 0.80-0.82 as normal values for unstressed plants (Bjö rkman and Demmig 1987), and lower values of Fv/Fm as an index of photosynthetic damage. Moreover, after harvesting, root and shoot fresh weight, stem length and diameter were measured; each sample was then stored at -80°C for proteomic analysis. Root and leaf morphometric analyses were performed with Win-RHIZO Pro V. 2002c (Regent Instruments, Quebec, Canada) (Costa et al. 2002) . Before analysis, roots were preserved in 70% ethanol. The following parameters were measured: total root length, total root surface area, total root projected area, total root volume, leaf area and number of tips.
Protein extraction, 2-DE and mass spectrometry-
Proteins were extracted according to BestelCorre (Bestel-Corre 2002), with some modifications.
IEF was performed on IPG strips in an IPGPhor unit (GE Healthcare Bio-Sciences) at 60 kVhs at 20°C on pre-cast 13-cm linear pH 3-10 strips. The second dimension was carried out with a Protean II xi system (Bio-Rad); 12% gels were run at 10°C under constant amperage (30 mA). Gels were Coomassie stained. The gels were scanned in a GS 710 densitometer (Bio-Rad). The copper stress in cannabis sativa roots: morphological and proteomic analysisgel images were recorded and computationally analysed using PDQuest 7.3.1 (Bio-Rad). The differential expression analysis was performed comparing the quantity of matched spots in coppertreated gels (five replicates) versus the control gels (five replicates). We performed ANOVA using StatView 4.5 (Abacus Concepts, Berkeley, CA, USA) and P = 0.05 was adopted as the level of significance.
For MS analysis, spots of interest were cut from the gel and digested in-gel with trypsin (Roche, Segrate, Milano, Italy) as described by Hellmann et al. (1995) MS/MS analysis of the digested peptide were performed according to Bona et al. (2007) .
RESULTS AND DISCUSSION
Plant biomass and development -Copper stress induced a significant reduction in shoot and root dry weight (Fig. 1) . In addition the aerial part of the plants (measured as leaf area and shoot length) was significantly reduced after copper treatment. Nevertheless treated plants did not show clear symptoms of chlorosis, and other analyses, carried out with the photosystem apparatus, showed no effect on PSII activity induced by copper at the concentration used here (Fig.2) . All the root morphological parameters (total root length, mean root diameter, root surface area, and root volume) showed a significant reduction of the root system in response to copper treatment (Fig.3) ; root system morphology was also affected, as the degree of branching was significantly reduced in copper-treated plants (data not shown). A simpler, less branched root system as that induced by copper is less efficient in absorbing nutrients (Fitter 1991) ; thus, the copper effects result in a reduction of the absorbing root surface. A balance between cost-benefits related to root system development is also suggested.
Root proteome response to copper stress -Our approach was aimed at correlating morphological parameters and proteomic changes in the C. sativa root system. In figure 4 , the 2-DE maps of control and copper-treated C. sativa root proteins are shown; about 300 spots were separated in a reproducible way. In order to highlight copper effects, an image analysis was performed on five replicates, and variations in spot area were confirmed by statistical analysis. Spots of interest were excised, trypsin-digested and identified by tandem mass spectrometry. As shown in table 1 copper treatment induced the disappearance of two proteins: thioredoxin-dependent peroxidase and 60S ribosomal protein L12; the down-regulation of seven proteins: enolase, cyclophilin, ABC transporter substrate-binding protein, glycine-rich RNA-binding protein, a putative peroxidase and elicitor-inducible protein EIG-J7, and the upregulation of five proteins: aldo/keto reductase, a putative auxin-induced protein, 40S ribosomal protein S20, actin and mitochondrial formate dehydrogenase. Some of the identified proteins were typical stress proteins, e.g. thioredoxin-dependent peroxidase (Radyuk et al. 2003) , the putative peroxidase (Lin and Kao 1998; Prazeres de Souza et al. 2002) , cyclophilin and formate dehydrogenase, which is able to maintain a reducing environment (Hourton-Cabassa et al. 1998) . Enolase is a multi-functional protein, it has been reported as responsive to many stresses, such as salt, cold and drought (Yan et al. 2005) . The identification of ribosomal proteins and actin indi- cated an involvement of the protein synthesis machinery and root architecture remodeling (Collins et al. 2000) , respectively in response to copper stress. The up-regulation of aldo/keto reductase and the putative auxin-induced protein may be linked to their involvement in detoxification process by improving the scavenging capacity of the cell (Zhang and Riechers 2004; Zhang et al. 2005) , and probably to their direct interaction with metal ions as 'copper chaperones' (Cecconi et al. 2002; Bona et al. 2007 ). Since cellular damage can occur both from an excess (copper is abl to promote the formation of reactive oxygen species) or a deficit of copper (it can act as cofactor in enzymatic antioxidant systems), a fine molecular control of free cellular copper levels is needed. All the proteins involved in the copper response may act to re-establish root system homeostasis, and may be considered as molecular markers for bioengineering new plants in phytoremediation projects. 
